Abstract Fragrance in rice is an appealing attribute to consumers. The increasing demand for fragrant rice highlights the need to develop fragrant rice variety that suit the preference of local consumers in addition to reduce fragrant rice imports. Marker-assisted backcrossing (MABC) was employed to develop advanced fragrant rice lines from the cross between MR269 and Basmati 370. MR269 is a Malaysian high-yielding rice variety but non-fragrant and was used as recurrent parent whereas Basmati 370 is a well-known fragrant traditional rice variety and was used as donor parent for the fragrance gene. Two generations of backcrosses and a generation of selfing were conducted to introgress the fragrance gene and restore the recurrent parent genome in the backcross progenies. As a result, 14 advanced fragrant rice lines were developed. These advanced fragrant rice lines carried homozygous alleles for the fragrance gene, similar to Basmati 370. The average recovery of recurrent parent genome was 88.4%. Besides being fragrant, the advanced fragrant rice lines also had most of the morphological and agronomical traits similar to MR269. Grain quality of the advanced fragrant rice lines in terms of gelatinization temperature, amylose content and gel consistency are also similar to both parents. Besides, the advanced fragrant rice lines had 2-acetyl-1-pyrroline content similar to Basmati 370. MABC approach applied in this study has successfully introgressed the fragrance gene and accelerated the recovery of recurrent parent genome in advanced fragrant rice lines, therefore these lines can be delivered to the farmers and consumers for use in due time.
Introduction
Rice is consumed as a whole cooked grain, with little or without seasoning, making rice grain quality a determining factor of consumer acceptability. Furthermore, fragrant rice is also more appealing to consumers. The presence of fragrance in rice adds value to marketability, as fragrant rice fetches a higher price in the local and global markets. Among the volatile flavour compounds responsible for fragrance in rice, 2-acetyl-1-pyrroline (2AP) plays an important role in conferring the distinct odour of Basmati and Jasmine rice (Buttery et al. 1983; Lorieux et al. 1996) . The 2AP compound can be found in the aerial parts of rice plants, and it forms during growth (Yoshihashi 2002 ). This compound is present at a threshold lower than 1 ppb (Buttery et al. 1983) , suggesting that a low amount of 2AP is able to confer the fragrance in fragrant rice.
There are various techniques used by breeders to evaluate the fragrance in rice. Sensory methods such as sniffing leaf tissue, chewing rice grains or reacting with KOH solution (Sood and Siddiq 1978) are the simpler techniques. However, these methods are not feasible when assessing a large number of samples as these methods would either saturate resulting in bias or damage the nasal passage of the tester. Quantification of 2AP by gas chromatography is also available (Grimm et al. 2001; Bryant and McClung 2011; Mathure et al. 2011) but to analyse by GC-MS at every breeding generation is labour intensive and time consuming, and destructive to plant materials, especially at early stage of breeding, when the seeds are limited.
The advancement of molecular and sequencing technology has created the opportunity for scientists to venture into the genetic basis of fragrance in rice. The eight base pairs deletion and three SNPs in exon 7 of the gene encoding betaine aldehyde dehydrogenase 2 (BADH2) protein, causes premature termination and resulting in non-functional BADH2 which is unable to metabolize 2AP, leads to accumulation of 2AP that confers the fragrance in rice (Bradbury et al. 2005a (Bradbury et al. , 2008 . Since then, many molecular markers were developed based on this polymorphism (Amarawathi et al. 2008; Sakthivel et al 2009) . The DNA markers facilitated the breeders to identify desirable fragrance genotypes (Lau et al. 2015; GolestanHashemi et al. 2015) .
Attributed to DNA marker technology, markerassisted breeding has emerged as a pragmatic tool in plant breeding for improvement programs (Lau et al. 2016) . MABC scheme involves foreground selection to identify and select desirable genotypes and background selection to determine the backcross progenies with high recovery of recurrent parent genome, by utilizing DNA markers (Collard et al. 2008) . In contrast to conventional backcrossing which requires conducting the phenotypic evaluation that can only be done after certain growth stage at every generation, MABC allows early identification of desirable genotypes as selection can be done even at the seedling stage, and background selection allows progenies of high recovery of recurrent parent genome to be used in subsequent generation. Therefore, MABC approach can save the time and labour, ultimately accelerates plant varietal development so that the variety can be delivered for utilization by farmers and consumers in a shorter period of time. MABC has been widely applied to improve disease resistance, pest resistance, and also grain quality in many crops (Yang et al. 2003; Kim et al. 2008; Yi et al. 2009; Jairin et al. 2009; Jin et al. 2010) .
Fragrant rice has gained popularity among the Malaysian consumers and the demand for fragrant rice is also increasing (Hanis et al. 2012) . Malaysia has to import fragrant rice from fragrant rice producing countries to supply for local demand and the yearly imports is a costly expenditure to Malaysia. Therefore, the development of fragrant rice is an imperative measure to reduce fragrant rice imports and to cater the local demand. In this study, MR269 which is a high-yielding rice variety was used as a recurrent parent, and Basmati 370 was the donor parent of the gene for fragrance. MABC was employed and the breeding scheme proceeded until BC 2 F 2 generation to develop advanced fragrant rice lines.
Materials and methods

Plant materials and breeding scheme
The breeding scheme used in developing improved lines is shown in Fig. 1 . In every generation, the backcross progenies were subjected to foreground selection, visual phenotypic selection and background selection to select appropriate plants to backcross with MR269 to develop following generations. Four F 1 plants confirmed to have heterozygous BADH2 gene were crossed with MR269 to develop BC 1 F 1 seeds. Four BC 1 F 1 plants with heterozygous BADH2 gene and high recovery of MR269 genome were backcrossed with MR269. In BC 2 F 1 generation, five selected plants were then self-pollinated to develop BC 2 F 2 seeds. Finally, in BC 2 F 2 generation, 14 were selected, which had homozygous BADH2 alleles similar to Basmati 370 and showed phenotypic and genetic background similar to MR269 were established as the advanced fragrant rice lines. The development of parental and early backcross generations was conducted at Glass House A, Field 10, Universiti Putra Malaysia. BC 2 F 2 lines, MR269 and Basmati 370 were germinated on seed bed nursery. After 1 month, the seedlings were manually transplanted into rice field at MARDI Tanjung Karang, Selangor. The field experiment consist of single-plant plot, with one seedlings planted per hill, planting density of 25 cm between plants.
DNA markers
Functional markers developed by Amarawathi et al. (2008) , Bradbury et al. (2005b) and Sakthivel et al. (2009) were used for foreground selection (Table 1) . A total of 324 simple sequence repeats (SSR) markers were screened to identify polymorphic markers between the two parents. Polymorphic SSR markers identified from marker polymorphism survey were used in background screening to determine recovery of recurrent parent genome.
DNA extraction, PCR analysis and electrophoresis
The total genomic DNA of the two parents and backcross progenies was extracted using modified method of Doyle and Doyle (1990) . The PCR analyses for ASA marker were performed in a total of 20.0 ll, consisting of 0.3 ll of Taq DNA polymerase (5 U/ll), 1.0 ll of genomic DNA (50 ng/ll), 2.0 ll of 103 DreamTaq Green Buffer with 20 mM MgCl 2 (Thermo Scientific, USA), 0.4 ll of dNTP (10 mM each), 0.4 ll of MgCl 2 , 1.0 ll of each primer (10 mM), and 11.9 ll of sterilized water. The PCR cycling conditions followed Bradbury et al. (2005b) . The PCR for nksbad2 and BADEX7-5 markers was performed in total of 15.0 ll, consisting of 7.5 ll of DreamTaq Green PCR Master Mix (29) (Thermo Scientific, USA), 4.5 ll of sterilized water, 1.0 ll of each primer (10 mM) and 1.0 ll of genomic DNA (50 ng/ll). The cycling conditions were an initial denaturation of 95°C for 3 min; 10 cycles of touchdown PCR of 95°C for 5 s, 65°C for 5 s (-1°C/cycle), and 72°C for 5 s; 30 cycles of 5 s at 95°C, 5 s at 55°C and 5 s at 72°C and a final extension of 72°C for 5 min.
The PCR reaction for SSR markers was conducted in total of 15.0 ll, consisting of 7.5 ll of DreamTaq Green PCR Master Mix (29) (Thermo Scientific, USA), 4.5 ll of sterilized water, 1.0 ll of each primer The bands were scored in comparison with 50-bp DNA Ladder (GeneDireX, USA) and the two parents. Marker loci carrying the MR269 alleles in homozygous condition were scored as ''A'', heterozygous allele were scored as ''H'' and Basmati 370 alleles in homozygous condition scored as ''B''. The marker scores were arranged in Excel spreadsheet and imported to Graphical Genotype (GGT 2.0) (van Berloo 2008) to estimate the recovery of recurrent parent genome.
Morphological and agronomical data collection
Selected lines were used for morphological and agronomical evaluation. The measured traits were plant height (PH), days to flowering (DH), days to maturity (DM), number of tillers per hill (TT), number of effective tillers per hill (ET), panicle length (PL), total spikelets per panicle (TSP), filled grains per panicle (FGP), seed-setting rate (SR), 1000-grain weight (TGW), grain yield per plant (GYP), grain length (GL), grain width (GW), following descriptions by McCouch et al. (2007) and IRRI (2013) .
Grain quality data collection Grain quality evaluation was conducted at Makmal Kualiti, MARDI Seberang Prai, Pulau Pinang. Harvested grains were dehusked using Testing Husker (Satake, Japan) and polished using a Testing Mill (Satake, Japan). Head rice was separated from broken rice by using Testing Rice Grader (Satake, Japan). The measurements of some grain quality traits were milling recovery (MRR), head rice recovery (HRR), milled rice length (MRL), milled rice width (MRW), milled rice length-to-width ratio (MRLW) (IRRI 2004) . Grain size and shape were categorized according to IRRI (2004) and Dela Cruz and Khush (2000) .
Grain quality analysis
Cooked kernel elongation ratio (CKE), alkali spreading value (ASV) and amylose content (AC), gel consistency (GC) were conducted following practices of Makmal Kualiti, MARDI Seberang Prai. CKE ratio: CKE ratio is estimated by dividing cooked milled rice length with mean milled rice length before cooking. Ten kernels of milled head rice were placed in test tube and added with 10 ml distilled water and boiled in water bath for 10 min before air-dried and measured. Once dried, the kernel elongation was measured in mm using Standard Gage electronic calliper. ASV: ten milled head rice were soaked in 10 ml of 1.7% KOH at room temperature for 23 h. The degree of spreading is measured using a seven-point scale as described by IRRI (2013). AC: a modified method of Juliano (1971) was employed to determine AC in rice samples. GC: it is estimated by the length of gel travelled using modified method of Cagampang et al. (1973) . Aroma sensory test: Ten milled head rice were boiled with 10 ml of distilled water in test tube, covered with aluminium foil. After 10 min of boiling, the test tubes were allowed to cool to room temperature. The aroma was scored by panellists following IRRI (2013), as 0 = non-fragrant, 1 = mild, 2 = fragrant.
Analysis of 2AP by solid-phase microextraction/gas chromatography-mass spectrometer (SPME/GC-MS)
The analysis of 2AP in milled rice samples followed the modified method of Bryant and McClung (2011) , provided by MARDI Serdang. The analysis was conducted at Chromatography Laboratory, Faculty of Food Science and Technology, UPM. Standard 2AP was purchased from Toronto Research Chemicals Inc., Canada. The peak area obtained was interpolated into the calibration curves to obtain the concentration of 2AP. An r 2 of 0.9999 was obtained.
Milled rice samples were kept in -20°C until analyzed. A sample of 0.5 g of milled head rice was placed in a 10 ml vial and sealed with screw cap using a septum. The samples were placed in Combi-xt autosampler tray (PAL system, Switzerland) and kept at room temperature until analysed. Samples were preincubated at 100°C for 10 min before evaluation. Volatile compounds were adsorbed onto preconditioned 1 cm 50/30 divinylbenzene/carboxen/polydimethysiloxanestableflex fibre (DVB/CAR/PDMS) (Supelco, Bellefonte, PA) using 40 min extraction time while agitating the sample. The samples were desorbed for 5 min on TRACE GC ultra gas chromatograph using SPME/GC-MS Thermo Scientific TSQ quantum XLS mass spectrometer (USA). GC-MS was performed with TG-5MS capillary column (30 m 9 0.25 mm i.d. 9 0.25 lm). The injector temperature was held constant at 250°C in splitless mode. The initial GC temperature was 40°C; increased to 80°C at 3°C/min; followed by 150°C at 4°C/min, 180°C at 10°C/min, 250°C at 7°C/min and 280°C at 20°C/min; and then held for 0.67 min. Blanks and QC were run following every tenth sample as controls. The total GC cycle time consisted of a 46 min run. Helium (99.9%) was used as carrier gas at a constant flow of 1 ml/min. The MS scanned from m/z 30 to 1000. 2AP was monitored at 111 m/z (21% relative abundance). The MS was operated in electron impact mode with an emission current of 70 lA.
Analysis of data
Marker segregation, morphological, agronomical and grain quality data were subjected to statistical analysis using SAS 9.4 (SAS Institute Inc., USA). Differences among MR269, Basmati 370 and advanced fragrant rice lines were determined using ANOVA based on completely randomized design (CRD), followed by Tukey's multiple comparison tests.
Results and discussion
Foreground selection
The three foreground markers were polymorphic between the two parents. Four confirmed F 1 plants were crossed with MR269. In BC 1 F 1 generation, four best plants were selected. In BC 2 F 1 generation, five best plants were selected. Among the 159 plants in BC 2 F 2 population, 44 of them had homozygous BADH2 alleles similar to Basmati 370, 46 plants were heterozygotes and 69 plants had homozygous BADH2 alleles similar to MR269. The ratio of 69:46:44 did not agree with the 1:2:1 segregation ratio according to Chi square test. A study by Amarawathi et al. (2008) showed that the segregation pattern of the nksbad2 marker was distorted in their RIL population consisted of F 6 lines. Jin et al. (2010) also reported that their foreground marker for the BADH2 gene did not fit the 1:2:1 segregation ratio in 300 F 2 individuals. Muthusamy et al. (2014) observed foreground marker segregation distortion, which occurred inconsistently throughout the backcross generations in maize, regardless of the population size.
The reason for segregation distortion at this locus could be due to environmental effects. Segregation distortion may arise from environmental causes (Xu et al. 1997; Zhao et al. 2006) . Study by Wang et al. (2009) revealed that marker segregation distortion was detected only in the F 2 population grown at a certain altitude but was not detected when grown at other altitudes. Muthusamy et al. (2014) also reported the segregation distortion of foreground markers in maize backcross generations, occurred particularly in those backcross generations that were evaluated during the winter season.
Recovery of recurrent parent genome in advanced fragrant rice lines
The genetic background of the advanced fragrant rice lines was screened with 70 polymorphic SSR markers, covering the 1436.3 cM of the genome. The increment of average recovery of recurrent parent genome in backcross progenies is shown in Fig. 2 . The average recovery of recurrent parent genome in selected plants was 69.0% in BC 1 F 1 generation, increased to 83.6% in BC 2 F 1 generation. After two generations of backcrosses and a generation of self-pollination, the average recovery of recurrent parent genome has increased to 88.4% among the advanced fragrant rice lines. The proportion of recurrent parent genome ranged from 86.3 to 92.9% among the advanced fragrant rice lines (Table 2 ). The proportions of donor parent genome ranged from 2.7 to 10.7% and the average was 7.5%. The recovery of recurrent parent genome in selected advanced fragrant rice lines is shown in Fig. 3 . The complete recovery of recurrent parent type was found on chromosome 1, 3, 4 and 11. The plant with the highest proportion of recurrent parent genome was P30-15-26-4, which is 92.9% (Fig. 4) .
The average recovery of recurrent parent genome in advanced fragrant rice lines was higher than the theoretical average recovery of recurrent parent genome (87.5%) after two generations of backcrossing. This result is expected because continued markerassisted selection in self-pollinated BC 2 generation would lead to higher recovery of recurrent parent genome (Rajpurohit et al. 2011) . In a study by Ellur et al. (2016) showed that the selected lines in BC 2 F 2 generation had recovery of recurrent parent genome ranged from 88.57 to 92.86%. Neeraja et al. (2007) managed to developed a BC 2 F 2 plant which had restored recurrent parent type for all chromosomes, except for the target gene that was donor parent type. However, there are also reports on advanced backcross lines that had lower than theoretical average recovery of recurrent parent genome at respective generations. The low recovery in advanced lines is probably due to the screening of genetic background conducted for the advanced lines but not the earlier generations; therefore, the lack of background selection at MABC program might contribute to lower than expected recovery of recurrent parent genome at advanced lines. Despite that, some of their advanced lines showed higher than expected recovery of recurrent parent genome which were also the potential lines to be released as variety (Yi et al. 2009; Jairin et al. 2009 ).
In the breeding process of this study, few genotypes had a high recovery of the recurrent parent genome and morphology. Previous efforts to develop highyielding fragrant rice varieties by crossing highyielding varieties with Basmati varieties were unsuccessful due to a lack of desirable recombinants in terms of morphological and agronomic traits, as well as grain quality (Khush et al. 1979 ). According to the isozyme marker analysis of Glaszmann (1987) and genetic diversity study of Garris et al. (2005) , Basmati varieties belonged to a genetically distinct cluster, Group V, separated from the indica of Group I. Phylogenetic divergence could be the reason limiting the ability of Basmati to combine with other genotypes to produce desirable recombinants (Ahn et al. 1993; Kaushik et al. 2003) . Nevertheless, in this study, the use of MABC successfully introgressed the BADH2 gene and restored the recurrent parent genome in advanced fragrant rice lines. In addition to the identification of desirable recombinants in backcrossing, restoration of the recurrent parent genome using SSR markers has also accelerated advanced fragrant rice line development by selecting genotypes with a Fig. 3 Recovery of recurrent parent genome and introgressed gene in the selected advanced fragrant rice line high recurrent parent recovery for use in developing the subsequent generation.
Morphological and agronomic performance
The means comparison of morphological and agronomic traits of advanced fragrant rice lines and the two parents are presented in Table 3 . Most of the traits showed significant differences among the populations, except for DM, SR and TGW which were not significantly different among the populations. The two parents showed significant differences for most of the traits except DM, ET, SR, TGW, GL and GW. In this study, Basmati 370 flowered significantly earlier than MR269. Basmati 370 also flowered earlier than the local Myanmar variety in a study located in Thailand and Myanmar (Yi et al. 2009 ). However, Basmati 370 requires 115 days to flowering and 145-150 days to maturity when planted in India (Singh et al. 2002; Rani et al. 2006 ). Although Basmati varieties are known for their photoperiod sensitivity, the degree of this sensitivity in Basmati 370 was relatively low compared to other Basmati varieties (Mannan et al. 2009 ). Therefore, the variations in DF and DM of Basmati 370 in this study and other studies is probably due to environmental factors. Basmati 370 also showed some superior morphological traits compared with MR269 in this study, such as being taller than MR269 and having a higher number of TT and longer PL than MR269. However, the GYP of Basmati 370 (39.94 g) was 47.88% significantly less than MR269 (76.64 g). The lower TSP and FGP compared to MR269 had most probably resulted in lower GYP in Basmati 370. Mannan et al. (2009) reported that Basmati 370 was tall with a weak stem, thus making it susceptible to pre-mature lodging and leading to poorer yield. Basmati 370 had a low yield even in India, producing 2.8 t/ha (Rani et al. 2006) .
The advanced fragrant rice lines had similar PH, DF, DM, PL, TSP, FGP, SR, TGW and GYP as those of MR269. Most of the morphological and agronomical traits of the advanced fragrant rice lines closely resembled MR269, as supported by the genetic background recovery of recurrent parent genome of 88.4%. However, significant differences were found for TT, ET, GL and GW between advanced fragrant rice lines and MR269. The advanced fragrant rice lines showed notably more TT and ET than MR269; these numbers were similar to Basmati 370. The advanced fragrant rice lines had significantly shorter GL than both of the parents and a GW similar to Basmati 370 but significantly wider than MR269. In a study by Liu et al. (2016) have detected quantitative trait loci (QTL) for GL in the region of RM235 on chromosome 12. A study by Wang et al. (2016) reported that RM1089 on chromosome 5 was associated with GW. The advanced fragrant rice lines had not fully recovered the recurrent parent genome on the regions where these SSR markers located, therefore, these regions may have contributed to the differences in GL and GW between advanced fragrant rice lines and MR269. Even though the GL and GW were significantly different before milling, but after milling, the milled rice grain size and shape of advanced fragrant rice lines and the parents were not significantly different and were classified into the same category according to the standard for evaluation of grain size and shape (Dela Cruz and Khush 2000; IRRI 2004 ).
The advanced fragrant rice lines showed 20.83% higher GYP in comparison to MR269, albeit not significantly different. The advanced fragrant rice lines had 41 ET from a total of 49 TT, comparable to Basmati 370, which had 37.30 effective tillers out of 48.11 TT, but in contrast to MR269 that had 29.64 effective tillers out of 32.07 TT. The increased GYP was most probably due to the higher number of TT and ET, which the advanced fragrant rice lines most likely inherited from Basmati 370. Furthermore, the higher TSP and FGP, which were most likely inherited from MR269, might also lead to higher GYP in the advanced fragrant rice lines.
The advanced fragrant rice lines also showed better yield-related traits than those of some released varieties. The advanced fragrant rice lines had a higher GYP than MR219, a Malaysian high-yielding variety that has been commonly used by local farmers since 2001, which had a grain yield of 42.4 g per plant (Sabu et al. 2006) . Furthermore, the advanced fragrant rice lines also showed higher TSP than the latest high-yielding rice variety released recently by MARDI, MR284 (154 spikelets per panicle) (Saidon et al. 2014) . The PH, PL, TSP, SR of advanced fragrant rice lines were comparable to Liangyoupeijiu, hybrid rice developed by China in year 2000 with maximum of grain yield of 12.11 t/ha (Peng et al. 2008) . Moreover, the advanced fragrant rice lines also had a higher TSP compared to IRRI inbreds (IR72, PSBRc28 and IR72903-121-2-1-2) and new plant type (NPT) line (IR72967-12-2-3), along with a SR comparable to the IRRI inbreds but higher than IR72967-12-2-3 (Islam et al. 2010) . In order to acknowledge the yield potential of the advanced fragrant rice lines developed from this study, it is recommended to test their yield potential and stability in future studies at yield performance trials across different locations and seasons before releasing them as varieties. Grain quality A mean comparison of grain quality characteristics of the advanced fragrant rice lines and the two parents is presented in Table 4 . The result showed that there were significant differences among the populations for most the grain quality traits, excluding MRL, AC and gel length. The two parents, MR269 and Basmati 370, had a similar MRR, but Basmati 370 had significantly lower HRR compared to MR269. Basmati 370 was reported to have a MRR and HRR of 61.8 and 43.1%, respectively (Bhatia et al. 2011) . The advanced fragrant rice lines had lower MRR than MR269 but a HRR similar to MR269. According to a study by Swamy et al. (2012) , a QTL for milling quality was detected on chromosome 12, in between SSR markers RM247 and RM519. In this study, the region between RM247 and RM519 has not fully recovered the recurrent parent type and therefore may have contributed to difference in milling quality between advanced fragrant rice lines and MR269. Further self-pollination and selection in subsequent generations will increase the recovery of recurrent parent genome in this region. The advanced fragrant rice lines and MR269 had a similar MRW. Basmati 370 had the lowest MRW compared to the advanced fragrant rice lines and MR269. Basmati 370's MRW was 1.82 mm in this study, within the reported range of 1.79-1.85 mm (Singh et al. 2002; Bhatia et al. 2011) . The advanced fragrant rice lines had a similar MRL as the two parents. Based on the MRL, the advanced fragrant rice lines and the two parents were categorized as having a medium grain size following the standard for evaluation of grain size (Dela Cruz and Khush 2000; IRRI 2004 ). The MRLW among the two parents was similar and significantly higher than that of the advanced fragrant rice lines. Nevertheless, the advanced fragrant rice lines and the two parents were categorized as having a slender grain shape (Dela Cruz and Khush 2000; IRRI 2004) .
The AC of advanced fragrant rice lines and the two parents are similar, which all are categorized in low . In this study, the AC of the two parents showed the contrary result with previous reports because both were reported as intermediate AC varieties (20-25%) (Singh et al. 2002; MARDI 2012) . The difference in AC in this study and previous studies may be caused by environmental factors, such as daily temperature and water stress (Liu et al. 2013 (Liu et al. , 2015 Pandey et al. 2014) .
GC measures cooked rice texture by the length of gel (reaction of rice flour with ethanol and KOH). A hard gel consistency indicates that the cooked rice tends to harden when cooled, whereas the cooked rice of varieties with a soft GC is soft when cooled. Generally, a soft to intermediate GC are preferred by consumers (Calingacion et al. 2014) . The advanced fragrant lines, MR269 and Basmati 370 had a similar length of gel. However, the GC of Basmati 370 was categorized as hard whereas the advanced fragrant rice lines and MR269 were classified as medium.
ASV is inversely related to GT; high ASV value correlates with low GT value and vice versa. GT also affects the cooking time; rice with high GT takes more time to cook. Among the two parents, the ASV were significantly different whereas the advanced fragrant lines were similar to both of the parents. Their ASV were belonged to intermediate GT that is within the range of 70-74°C (IRRI 2013) .
Length-wise elongation in cooked rice is a desirable trait to consumers (Khush et al. 1979) . Among the plants studied, MR269 had significantly lowest CKE. The CKE in advanced fragrant rice lines was similar to Basmati 370, and both were higher than MR269, which is an important cooking quality trait preferable by the consumers. The similarity of this trait between advanced fragrant rice lines and Basmati 370 is probably due to residual Basmati 370 genome in the advanced fragrant rice lines. A study by Ahn et al. (1993) showed the loose linkage between the QTL for cooked kernel elongation on chromosome 8 and the fragrance gene. From previous study of Jain et al. (2006) stated that the region on chromosome 8, where the gene/QTL for cooked kernel elongation and fragrance were located tends to remain intact throughout breeding process involving Basmati rice variety, regardless of conscious or unconscious selection. Therefore, this suggests that the donor segment on chromosome 8 could have contributed to the similarity of CKE between advanced fragrant rice lines and Basmati 370.
In aroma sensory test, MR269 was scored 0, representing non-fragrant, and Basmati 370 scored 2 as fragrant. The distribution of the fragrance score in the advanced fragrant rice lines in shown in Fig. 5 . All of the selected advanced fragrant rice lines were scored 1 and 2. A mean comparison showed that the advanced fragrant rice lines had mild fragrance and their aroma rating was significantly higher than MR269 but lower than Basmati 370. Not all the lines had the same aroma rating as Basmati 370, even though all of them shared homozygous BADH2 alleles similar to Basmati 370. From a study of Salgotra et al. (2012) , the selected lines in BC 1 F 3 generation had fragrance rating ranged from mild to very strong, despite that all the selected lines had homozygous fragrance alleles similar to fragrant variety parent. Rajpurohit et al. (2011) found that two BC 2 F 5 lines that had homozygous fragrance alleles were scored as non-fragrant and mildly fragrant, whereas in lines which the fragrance alleles are absent were scored as mildly fragrant. The result of aroma sensory test in this study showed that the homozygous BADH2 gene was able to impart fragrance in advanced fragrant rice lines, but not all were as strongly fragrant as Basmati 370. This suggests that fragrance is not controlled by only a single recessive BADH2 gene and suggests that fragrance in rice is a quantitative trait involving more than one gene (Lorieux et al. 1996; Hien et al. 2006a; Amarawathi et al. 2008) . Fitzgerald et al. (2008) suggested that there are other mutations that lead to the accumulation of 2AP besides the 8 bp deletion of BADH2 gene because there are also fragrant rice varieties that without the 8 bp deletion contain 2AP. Apart from BADH2 gene, other QTL with minor effects on chromosome 3, 4 and 12 contribute to the fragrance in fragrant rice varieties (Lorieux et al. 1996; Amarawathi et al. 2008) . The advanced fragrant rice lines had residual Basmati 370 ranged from 2.7 to 10.7%, therefore may carry the minor QTL that affects the fragrance in the rice grain. The 2AP content was significantly different between the two parents: Basmati 370 contained 6.38 ppb, whereas there was no detectable amount of 2AP in MR269. The advanced fragrant rice lines had a similar 2AP content to Basmati 370 and a significantly higher 2AP content than MR269. An independent samples t test was also conducted to compare 2AP content in advanced fragrant rice lines and Basmati 370. There was no significant difference in the 2AP content for the advanced fragrant rice lines and Basmati 370; t(15) = 1.26, p = 0.2256. The results suggest that introgression of BADH2 gene from Basmati 370 using functional markers was able to deliver similar 2AP content as Basmati 370 in advanced fragrant rice lines.
All of the advanced fragrant rice lines scored higher than MR269 in aroma sensory test but had varying aroma rating, and their means were significantly lower than Basmati 370, even though they had similar 2AP content as Basmati 370. There are fragrant rice varieties without 2AP or a similar or lower 2AP content than non-fragrant rice varieties, also indicating that non-fragrant varieties also contained 2AP at variable concentration (Hien et al. 2006a, b; Yang et al. 2008b; Goufo et al. 2010; Mathure et al. 2014 ). Thus, it would be controversial to designate the fragrant varieties as non-fragrant and vice versa, based on 2AP alone. Therefore, 2AP is unlikely to be the main compound that contributes to fragrance in rice, and a single compound is insufficient to explain the overall aroma impression in fragrant rice (Hien et al. 2006b; Yang et al. 2008b; Goufo et al. 2010) . The overall fragrance in rice consists of many compounds mixed in proper proportions (Yang et al. 2008b; Goufo et al. 2010) . The exquisite fragrance of Basmati 370 could be due to a high concentration of 2-phenylethanol and low concentration of hexanal (Widjaja et al. 1996) . Apart from 2AP, guaiacol is reported as the major contributor to fragrance in black rice grown in Korea (Yang et al. 2008a) . Vanillin is also reported as an important compound for fragrance in rice (Zeng et al. 2009; Mathure et al. 2011 Mathure et al. , 2014 .
Based on two factors, aroma sensory test and the 2AP content are inadequate to make selection decisions (Yang et al. 2008b ). The functional marker developed by Amarawathi et al. (2008) was limited to discriminate basmati rice varieties from non-fragrant rice varieties, because non-basmati fragrant rice varieties have non-fragrant banding pattern, making this marker unsuitable for MAB with non-basmati fragrant rice varieties (Mathure et al. 2014 ). Both functional markers by Bradbury et al. (2005b) and Sakthivel et al. (2009) had different discrimination ability such that ASA marker detected heterozygote genotypes, while the BADEX7-5 marker did not detect any heterozygote genotypes in recombinant inbred lines from the cross CSR (non-fragrant) 9 HBC19 (fragrant) (Kumari et al. 2012) . Therefore, future research should explore other genes that regulate the expression of BADH2 gene, genes that quantitatively contribute to 2AP accumulation, or compounds other than 2AP that confers the fragrance in rice. Until then, more functional markers can be developed from the discovered gene(s) for fragrance, eventually facilitating breeding programmes for the introgression and selection of lines with desirable genes for fragrance and for the development of fragrant rice with superior fragrance attributes.
In this study, only 0.5 g of milled rice from each line was used to determine the 2AP content by SPME/ GC-MS. Addition of small amounts of water enhanced the recovery of 2AP because partial starch gelatinization with the addition of water reduced kernel hardness and eased the release of 2AP (Mathure et al. 2011) . However, an excessive amount of water would decrease the amount of 2AP (Grimm et al. 2001; Mathure et al. 2011) . On the other hand, Maraval et al. (2010) reported that recovery of 2AP was improved using NaCl at pH 9.2 as an extraction medium compared to water. Therefore, it is advisable to optimize the sample preparation step in future studies to obtain better recovery of 2AP in rice samples prior analysis by SPME/GC-MS.
Conclusion
This study has demonstrated the successful introgression of BADH2 gene from Basmati 370 and restoration of MR269 genome through MABC approach. As a result, a set of 14 advanced fragrance lines was developed. The advanced fragrant rice lines had homozygous BADH2 alleles from Basmati 370 and recovered most of the morphological and agronomical traits from MR269. In general, the advanced fragrant rice lines had an intermediate plant height with a high number of tillers and panicles and a yield as high and flowering at the same period as MR269. The advanced fragrant rice lines had medium and slender grains and intermediate GT. Moreover, the advanced fragrant rice lines had medium flakiness and elongated kernels and were fragrant when cooked.
The advanced fragrance rice lines can be served as genetic materials for the favourable fragrance gene coupled with the high-yielding traits of MR269. The advanced fragrant rice lines can be used in future breeding programs, such as pyramiding with other varieties, to improve traits, such as resistance towards certain disease or pest. Furthermore, these advanced fragrant rice lines can also be used to develop precision introgression lines to explore other genes that contribute to fragrance in rice. The current advanced fragrant rice lines should be advanced to the BC 2 F 5 generation to obtain a greater homozygosity of the MR269 genome. The advanced fragrant rice lines should be tested for yield trials at different locations and season to determine their uniformity and stability, prior to release as a new variety. In addition, the local consumers' acceptance should be tested considering all aspect of the grain quality of the advanced fragrant rice lines. The advanced fragrant rice lines are expected to be used for varietal development to develop fragrant rice varieties for reducing the imports of fragrant rice besides increasing the production of local fragrant rice as well as to serve the Malaysian consumers.
